We performed a systematic screen for mutations affecting the trajectory of axons visualized by immunohistochemical staining of Medaka embryos with anti-acetylated tubulin antibody. Among the mutations identified, yanagi (yan) and kazura (kaz) mutations caused specific defects in projection of the posterior lateral line (PLL) nerve. In yan and kaz mutant embryos, the PLL nerve main bundle was misrouted ventrally and dorsally or anteriorly. Medaka semaphorin3A, sdf1, and cxcr4 cDNA fragments were cloned to allow analysis of these mutants. There were no changes in semaphorin3A or sdf1 expression in mutant embryos, suggesting that the tissues expressing semaphorin3A or sdf1 that are involved in PLL nerve guidance are present in these mutant embryos. Double staining revealed that the mislocated PLL primordium and growth cone of the ectopically projected PLL nerve were always colocalized in both yan and kaz mutant embryos, suggesting that migration of PLL primordia and PLL nerve growth cones are not uncoupled in these mutants. Although homozygous yan larvae showed incomplete migration of the PLL primordium along the anteroposterior axis, ventral proneuromast migration was complete, suggesting that ventral migration of the proneuromast does not require the signaling affected in yan mutants. In addition to the PLL system, the distribution of primordial germ cells (PGCs) was also affected in both yan and kaz mutant embryos, indicating that yan and kaz genes are required for the migration of both PLL primordia and PGCs. Genetic linkage analysis indicated that kaz is linked to cxcr4, but yan is not linked to sdf1 or cxcr4. These mutations will provide genetic clues to investigate the molecular mechanism underlying formation of the PLL system. q
Introduction
The lateral line (LL) is a sensory system observed in both fishes and amphibians (Winklbauer, 1989; Holland et al., 2000; Burighel et al., 2003) . It consists of the lateral line ganglion, nerves, and neuromasts arranged in a stereotyped manner on the body surface. The neuromasts are sensory organs with hair cells that are involved in reception of mechanical stimuli. During embryogenesis, neuromasts are present in a lateral row extending from the head to the tail, which is part of the posterior lateral line (PLL), as opposed to the rows on the head that form the anterior lateral line (ALL). The ALL and PLL originate from LL placodes located anteriorly and posteriorly relative to the otic placode, respectively. Initially, a group of PLL placodal cells called the PLL primordium begins to migrate posteriorly depositing groups of cells called proneuromasts. This deposition takes place several times en route to the tip of the tail resulting in a row of evenly spaced proneuromasts along the anteroposterior axis (Gompel et al., 2001) . The deposited proneuromasts then migrate ventrally to form neuromasts at the ventral edge of the body.
In addition to the proneuromasts, the PLL placode also generates PLL sensory neurons each of which extends two axons. The central axon extends into the hindbrain, while the peripheral axon extends into the PLL primordium. As the PLL primordium begins to migrate, the growth cone of the sensory PLL nerve remains associated with the primordium all of the way to the tail, whereas the PLL nerve cell bodies remain at the initial location of the placodes (ganglion) (Alexandre et al., 1999) .
During extension of the PLL nerve main bundle, the PLL nerve branches sprout to follow ventrally migrating proneuromasts. However, the timing of proneuromast ventral migration differs between fish species . In the zebrafish and Astyanax fasciatus, proneuromasts reside on the horizontal myoseptum during embryogenesis. In contrast, the proneuromasts of Medaka (Oryzias latipes) move ventrally immediately after deposition.
The molecular mechanisms underlying the formation of the PLL system are beginning to be uncovered. A homolog of the CXC chemokine receptor 4 gene (cxcr4b) was found to be expressed in the migrating PLL primordia of zebrafish (Gompel et al., 2001) . The ligand for CXCR4b, stromalcell-derived factor 1 (SDF1a), has been shown to be expressed in a strip of cells marking the pathway followed by the primordium along the horizontal myoseptum at 29 hours postfertilization (hpf) (David et al., 2002) . Using Morpholino anti-sense oligonucleotides for cxcr4b and sdf1a, David et al. (2002) demonstrated that both migration of the PLL primordia and extension of the PLL nerve are dependent on SDF1 -CXCR4 signaling in zebrafish. A secreted-type repulsive factor, semaphorin3A (Sema3A), is a candidate guidance cue for the PLL nerve (Yee et al., 1999) . At 24 hpf, the sema3A homolog (semaZ1a) expressed by the axial muscle delimits the pathway of PLL nerve growth cones in zebrafish embryos. The PLL nerve growth cones avoid cells ectopically expressing sema3A (Shoji et al., 1998) .
Despite the progress described above, there are still a number of issues to be resolved. The mechanism underlying the association of PLL nerve growth cones with migrating PLL primordia remains to be clarified. That is, it is not yet clear whether the migrating PLL primordia guides the PLL nerve or whether they are both guided by the same signal. Other than those described above, the signaling components that guide the PLL nerve and PLL primordia have also yet to be identified.
Within a single species, the number of genes that can be identified as responsible for the observable phenotypes of mutants is limited due to the high degree of functional redundancy in vertebrates. Therefore, mutant screening using a model system other than zebrafish may lead to the discovery of novel genes. Taking into consideration the differences in mode of proneuromast migration between Medaka and zebrafish, we screened for mutations affecting the trajectory of the PLL nerve using an anti-acetylated tubulin antibody that stains most of the axonal trajectories in Medaka. Here, we present the initial characterization of mutations affecting formation of the PLL system identified in a large-scale mutant screening in Medaka.
Results

Mutations affecting the PLL nerve trajectory
To screen for mutations affecting the PLL nerve trajectory, we performed whole-mount staining of fixed embryos using an anti-acetylated tubulin antibody at st. 32. At st. 32, this antibody labeled the PLL nerve trajectory as well as major nerves including olfactory, trigeminal, facial, anterior lateral line, otic, glossopharyngeal, and vagus nerves (Fig. 1A -D) . We isolated 32 mutations affecting the trajectories of these nerves by screening approximately 432 mutagenized haploid genomes (data not shown). In most of the mutants, multiple cranial nerves were affected. However, only a single nerve was affected in a few mutants. Four mutations specifically affected the PLL nerve trajectory. These mutations complemented each other, and four genes, j16-18C, j41-26B, yanagi (yan), and kazura (kaz), were identified. As the j16-18C and j41-26B mutant embryos had irregular somite boundaries, we focused on yan j6-29C and kaz j2-15D mutations for further analysis. In wild-type embryos at st. 32, the PLL nerve main bundle ran along the horizontal myoseptum to tip of the tail, and seven to eight branches extended to the ventral edge of the body (Fig. 1D,2A ,A 0 ). In yan mutant embryos, however, the main bundle of PLL nerves did not reach the tip of the tail but turned ventrally forming a smaller number of branches as compared to wild-type embryos (arrowheads, Fig. 2B,B 0 ). The yan and kaz mutant embryos showed no defects in other nerves, including the anterior lateral line, otic, and spinal nerves. The structure of somites and the distribution of melanophores seemed to be unaffected in live yan and kaz mutant embryos (data not shown). As yan j6-29C and kaz j2-15D are recessive mutations, these mutants were homozygotes for yan j6-29C and kaz j2-15D mutations, respectively. As homozygous yan j6-29C mutants were viable and fertile, we used parents homozygous for yan in subsequent analyses to obtain large numbers of homozygous yan embryos. On the other hand, the kaz j2-15D mutation was early larval lethal.
Phenotypic variations in yan and kaz mutant embryos
The yan and kaz mutant embryos showed varying degrees of defects in the PLL nerve trajectory, and we classified them into six types (Fig. 3) . In yan mutant embryos, three types of defect, i.e. missing, bent, and ventrally misrouted, were observed. Among these defects, the ventrally misrouted type was observed at the highest frequency (Figs. 2B and 3) .
In some yan mutant embryos, both wild-type and mutanttype PLL nerve trajectories were observed on each side of the body. In contrast, the wild-type PLL nerve trajectory was not observed in kaz mutant embryos. In kaz mutant embryos, four types of defect, i.e. bent, ventrally misrouted, anteriorly misrouted, and dorsally misrouted, were observed. The latter two types of defect were not observed in yan mutant embryos. In general, the PLL nerve tended to be shorter or project ventrally in yan mutant embryos, whereas kaz mutant embryos tended to show PLL nerve misrouting in multiple directions.
Three possible explanations for the observed phenotypic variations of yan and kaz mutants can be proposed. (1) Maternal RNAs of yan and kaz genes may be present in the embryos; indeed, cxcr4 is maternally expressed in zebrafish (Chong et al., 2001) . (2) There may be other genes that share the same functions as yan and/or kaz genes. (3) The yan and kaz mutations may be hypomorphic. This third possibility is unlikely as phenotypic variations were reported even in odysseus mutants in which the function of cxcr4b is supposed to be abolished (Knaut et al., 2003) .
Misrouted PLL nerve and ectopic PLL primordium are colocalized in yan and kaz mutant embryos
To examine the spatial relationships between the misrouted PLL nerve and the location of PLL primordia in yan and kaz mutant embryos, we cloned Medaka cxcr4, the homolog of which is expressed in the PLL primordium of zebrafish (David et al., 2002) . The expression pattern of Medaka cxcr4 was similar to that of the zebrafish homolog (Fig. 4A) .
To detect the PLL nerve and primordium in embryos at st. 29, double staining was performed by in situ hybridization using a cxcr4 riboprobe and immunostaining with an anti-acetylated tubulin antibody (Fig. 5A,B) . At this stage, the formation of PLL was still in progress, and the PLL nerve (red line in Fig. 5B 0 ) and the cxcr4-positive PLL primordium (blue circle in Fig. 5B 0 ) passed close to the anus.
In a yan mutant embryo (Fig. 5C ,D), the PLL nerve (red line in Fig. 5D 0 ) turned ventrally near the anus and stopped along with the mislocated cxcr4-positive PLL primordium (blue circle in Fig. 5D 0 ). In a kaz mutant embryo (Fig. 5E ,F), the PLL nerve (red line in Fig. 5F 0 ) turned dorsally and stopped along with the mislocated PLL primordium (blue circle in Fig. 5F 0 ). This colocalization of the misrouted PLL nerve growth cone and the mislocated PLL primordium suggested that the deviation of the PLL nerve growth cone was not due to uncoupling of PLL nerve projection and PLL primordium migration in these mutant embryos.
Expression of guidance molecules in yan and kaz mutant embryos
The guidance molecules Sema3A and SDF1 were reported previously to be involved in PLL system formation (Shoji et al., 1998; David et al., 2002) . To examine the expression patterns of sema3A and sdf1 in yan and kaz mutant embryos, we cloned the Medaka homologs of sema3A and sdf1 and performed whole-mount in situ hybridization at st. 29 (Fig. 4B, C) . At this stage, sema3A was seen to be expressed in two lines of cells along the ventral and dorsal sides of the horizontal myoseptum and sdf1 was expressed in a line of cells along the horizontal myoseptum. These patterns were consistent with those observed in zebrafish (Shoji et al., 1998; David et al., 2002) . However, neither yan nor kaz mutant embryos showed any significant alterations in sema3A or sdf1 expression patterns (data not shown). These results suggested that these mutant embryos at least possess tissues expressing sema3A that delimits the PLL nerve pathway and sdf1 that guides the PLL primordium.
Distribution of mature neuromasts in yan mutant larvae
To determine the distribution of mature neuromasts in mutants in which the PLL primordia show abnormal distribution, we stained yan mutant larvae with the fluorescent dye FM1-43, which is taken up by hair cells in mature neuromasts from 10 to 12 days after hatching. As no molecular markers that are expressed in neuromasts during embryogenesis in Medaka are available, it was necessary to stain larvae with FM1-43. We could not analyze kaz mutants as the mutation was early larval lethal.
In 20-day-old wild-type larvae, PLL system neuromasts were localized in dorsal (four neuromasts), medial (seven neuromasts), and ventral (nine neuromasts) rows on each side of the body (red and white arrowheads in Fig. 6A ). The neuromasts in the ventral row correspond to the PLL nerve branches in the embryonic stages (Fig. 1D) (Ishikawa, 1994; Ishikawa and Hyodo-Taguchi, 1994) . Whereas the number of neuromasts in the ventral row on the left was decreased to five (red arrowheads in the ventral region, Fig. 6B ), the number on the right side was close to that of wild-type larvae (eight white arrowheads in the ventral region, Fig. 6B ). These alterations in neuromast distribution were closely correlated with those observed in the PLL nerve trajectory at st. 32 in yan mutant embryos (Fig. 2B,B 0 ). Notably, the neuromasts in the left ventral row reached the ventral edge of the body, but the distances between those along the anteroposterior axis of yan mutant larvae were much smaller than those in the wildtype larvae (Fig. 6 ). These observations suggested that the ventral migration of proneuromasts was not affected in yan mutants. The dorsal and medial rows correspond to those observed in adult Medaka (Ishikawa, 1994; Ishikawa and Hyodo-Taguchi, 1994) , which are formed by the secondary migration of proneuromasts from the horizontal myoseptum . In the yan mutant larvae, almost all of the neuromasts in the dorsal and the medial rows were missing except for the left anteriormost neuromast (red arrowhead in dorsal region, Fig. 6B ). The ALL system neuromasts in yan , showing the leftright symmetrical distribution of PLL neuromasts (red and white arrowheads for the rows on the left and right side, respectively). The PLL neuromasts are organized as dorsal, medial, and ventral rows (white brackets). (B) A young yan mutant fish had fewer PLL neuromasts in dorsal and medial rows and showed an asymmetrical distribution in the ventral row. This corresponded well to the PLL nerve phenotype variations observed in st. 32 embryos (Fig. 3) . No differences were observed in the distribution of ALL neuromasts (yellow signals in head region) between the yan and wild-type larvae. mutant fish were unaffected as shown by the left -right symmetric distribution of fluorescent signals in the head region (Fig. 6B ).
Primordial germ cell migration is also affected in yan and kaz mutant embryos
As both PLL formation and PGC migration are dependent on the SDF1 -CXCR4 signaling pathway in zebrafish (Doitsidou et al., 2002; Knaut et al., 2003) , we examined PGC migration in yan and kaz mutant embryos. In wild-type embryos at st. 29, the Medaka vasa homolog olvas was expressed specifically in the bilateral PGCs located close to the anus as shown in Fig. 7A (Shinomiya et al., 2000) . In yan mutant embryos, PGCs showed a greater degree of dispersion than in wild-type embryos (open arrowheads in Fig. 7B ). PGCs remained close to the normal position in some homozygous yan embryos obtained from parents homozygous for yan mutation (data not shown). This may account for the fertility of homozygous yan fish. In kaz mutant embryos, PGCs were scattered not only in the body (open arrowheads in Fig. 7C ) but also on the yolk (red arrowheads in Fig. 7C ). The frequency of embryos exhibiting scattered PGCs from parents heterozygous for kaz mutation was about 25%. These results indicate that yan and kaz are required for both PLL nerve guidance and PGC migration.
To facilitate cloning of the yan and kaz genes, we performed genetic linkage analysis of yan and kaz with cxcr4 or sdf1. Prior to genetic linkage analysis, we performed genomic Southern blotting analysis at low stringency and our results indicated that the cxcr4 and sdf1 genes are likely to be present as single copies in the Medaka genome (data not shown). Genetic linkage analysis indicated that kaz was linked to cxcr4 (0 recombinant/34 mioses), whereas yan was not linked to either cxcr4 or sdf1.
Discussion
Mechanisms underlying association of the PLL nerve growth cones with PLL primordium
During development of the PLL system, the PLL nerve growth cones are always colocalized with the PLL primordium (Metcalfe, 1985; Sapede et al., 2002) . There are two possible mechanisms responsible for this colocalization: both the PLL primordium and PLL nerve growth cone may be directly guided by a common signal, or the PLL primordium may guide the PLL nerve growth cones by an attractive interaction. Our findings in yan and kaz mutant embryos do not support the first hypothesis. If the PLL nerves are guided by the same mechanism that acts upon the PLL primordium, the routes of PLL nerves should also be random and be independent of the PLL primordium. We found that although the routes of the PLL nerve trajectory were random in yan and kaz mutant embryos (Fig. 3) , the PLL nerve growth cones are always colocalized with the mislocated PLL primordium, suggesting that the second mechanism is more likely. This observation is in agreement with the findings in zebrafish reported previously by David et al. (2002) . They reported that PLL nerve sensory axons were always associated with the PLL primordium when its migration was blocked in mutants lacking muscle pioneer cells or in cxcr4b morphants. The second hypothesis is also supported by the finding that the antibody against the HNK-1 epitope inhibited PLL nerve elongation but not migration of the PLL primordium (Becker et al., 2001 ). The HNK-1 epitope is expressed at high levels in the PLL nerve. The association of the PLL nerve growth cones with the PLL primordium may be mediated by HNK-1-dependent binding of the growth cones to neural cell adhesion molecules (Becker et al., 2001; David et al., 2002) .
In sdf1a morphants, the PLL nerve growth cones remain associated with the immobile primordium, suggesting that the sensory axons are guided by the primordium rather than by other cues (David et al., 2002) . Whether axons themselves require SDF1 -CXCR4 signaling or whether the nerve defect is secondary to the primordium defect remains to be determined. This can be investigated by transplantation experiments using yan and kaz mutant embryos. Prior to this experiment, it is necessary to determine in which tissues yan and kaz are required. Thus, yan and kaz mutants will be instrumental in obtaining genetic evidence for the requirement of SDF1 -CXCR4 signaling in the primordium and PLL nerve growth cones.
3.2. Ventral migration of proneuromasts may be independent from signaling required for PLL primordium migration along the anteroposterior axis PLL of Medaka was reported to be unique as the proneuromasts migrate ventrally immediately after their deposition . Although PLL primordium migration along the anteroposterior axis during embryogenesis was affected in yan mutant larvae (Fig. 6B) , differentiated neuromasts reached the ventral edge of the trunk and formed a ventral row. This suggests that the migration of proneuromasts along the dorsoventral axis may be independent from the signaling affected in yan mutants.
The dorsal and medial rows of neuromasts are formed by the secondary migration of proneuromasts from the horizontal myoseptum in Medaka . With the exception of the left anteriormost neuromast (red arrowhead in the dorsal region, Fig. 6B ), neuromasts in the dorsal and medial rows were missing in yan mutant larvae. This finding was in agreement with the proposal that formation of additional neuromasts during larval growth is a reiteration of the embryonic process based on the shared expression of genes in the primordia in embryos and larvae .
Both yan and kaz are required for migration of PLL primordium and PGCs
PGC migration is dependent on SDF1 -CXCR4 signaling in both mice and zebrafish (Molyneaux et al., 2003; Doitsdou et al., 2002; Knaut et al., 2003) . In Medaka, both PLL primordium and PGC migration are dependent on yan and kaz (Fig. 7B,C) . kaz is linked to the cxcr4 gene, but yan seems to have no linkage to cxcr4 or sdf1. It will be important in future studies to clone the yan gene required for migration of PLL primordium and PGCs.
In kaz mutant embryos, the pattern of PGC mislocation (Fig. 7C ) was similar to that reported previously in zebrafish odysseus mutant embryos (Knaut et al., 2003) . However, the PLL nerve defects in odysseus mutant embryos have not been reported. Interestingly, anteriorly or dorsally misrouted PLL nerve trajectories in kaz mutant embryos (Fig. 3C) were not reported in cxcr4 morphants (David et al., 2002) . This could be because the dependence of PLL nerve guidance on the cxcr4 gene differs between Medaka and zebrafish. Alternatively, the functions of cxcr4 may be affected to different extents in kaz mutant embryos and cxcr4 morphants.
We cloned cxcr4 gene from kaz mutant embryo and found that it contains a base change causing a single amino acid substitution from Leu to Pro at Leu87 (mouse CXCR4 numbering). Additional experiments are underway to determine if this change is responsible for reducing a CXCR4 function and producing a mutant phenotype.
Genetic analysis of PLL system using Medaka
Whereas the zebrafish belongs to the relatively primitive ostariophysian lineage, the Medaka belongs to the more newly branched neoteleost/acanthopterygian/atherinomorph lineage . Adult Medaka have essentially no lateral components and most of the PLL neuromasts are present on the dorsal and ventral regions of the body (Yamamoto, 1995) . Thus, the mechanisms underlying the migration of PLL primordia may differ between Medaka and zebrafish, as exemplified by this difference in the distribution of PLL neuromasts in adult fish. The phenotypic differences, such as anteriorly or dorsally mislocated PLL primordia in yan and kaz mutant embryos that were not observed in zebrafish, may reflect divergent mechanisms between Medaka and zebrafish.
On the other hand, the identification of mutations (particularly the kaz mutation) affecting PLL system formation in Medaka confirmed the conserved role of CXCR4 -SDF1 signaling in guiding the PLL primordium and PGCs in both zebrafish and Medaka. In addition to the initial characterization of yan and kaz mutations in this study, further analyses of these mutations, particularly yan, will provide genetic insight that could lead to a deeper understanding of the molecular mechanisms underlying the formation of the PLL system. Differences in the functional redundancy of genes between Medaka and zebrafish may facilitate the discovery of novel genes that cannot be identified in studies of only one species or the generalization of findings in one species. Thus, comparative studies of both species will shed light on the conserved or divergent mechanisms underlying PLL system formation in fish.
Experimental procedures
Mutagenesis and preparation of embryos
Mutagenesis was carried out as described by FurutaniSeiki et al., this issue. Fifteen to thirteen F3 eggs were collected from a single pair of F2 parents, and grown at 28 8C. At st. 32, eggs were fixed and subjected to whole-mount antibody staining.
Antibody staining
Dechorionated embryos were fixed in 80% methanol/20% dimethylsulfoxide (methanol/DMSO solution) for 5 h, bleached in 10% hydrogen peroxide in methanol/DMSO solution, and stored in methanol at 2 20 8C. Embryos were incubated twice in phosphate-buffered saline containing 0.1% Tween 20 (PBSt) for 12 min, blocked with 10% goat serum in PBSt (blocking solution), reacted with the primary antibody (anti-acetylated tubulin antibody, monoclonal, Sigma, St Louis, MO, USA) in blocking solution (1/1000) for 5 h, washed five times in PBSt for 20 min, reacted with the secondary antibody (anti-mouse IgG, conjugated with biotin, Sigma) in blocking solution (1/1000) for 5 h, washed six times in PBSt for 30 min, reacted with avidin -biotin complex conjugated with horseradish peroxidase (Vector Labs, Burlingame, CA, USA) in PBSt for 45 min, and then washed four times in PBSt for 20 min. Colorization was performed in a solution containing 100 mM Tris -Cl (pH 7.6), 0.1% H 2 O 2 , and 0.2 mg/ml diaminobenzidine (Dojindo, Kumamoto, Japan). Stained embryos were clarified with 50% glycerol in PBSt.
Whole-mount in situ hybridization
Embryos were fixed with 4% paraformaldehyde in PBS (4% PFA), and stored in methanol at 2 20 8C. The embryos were equilibrated gradually in PBSt, washed twice in PBSt for 15 min, treated with 10 mg/ml proteinase K (Wako Pure Chemical Industries, Osaka, Japan) in PBSt, and washed twice in PBSt for 5 min. They were then fixed with 4% PFA for 1 h, washed twice in PBSt for 5 min, incubated in a solution containing 50% formamide, 5 £ SSC, 500 mg/ml salmon sperm DNA, 250 mg/ml turula RNA, 5 £ Denhardt's solution, 1 mM DTT, 5 mM EDTA, 0.1% Tween-20, 0.5% CHAPS (hybridization solution) at 58 8C for 1 h, and hybridized with about 0.001 mg/ml digoxigenin-labeled probes in the hybridization solution at 58 8C for 18 h.
Embryos were sequentially washed in 0.5 £ SSC and 75% hybridization solution at 58 8C for 15 min, in 1.5 £ SSC and 25% hybridization solution at 58 8C for 15 min, in 2 £ SSC at 65 8C for 15 min, and twice in 0.2 £ SSC at 65 8C for 30 min, and then again equilibrated gradually in PBSt. The embryos were blocked with 0.5% blocking reagent (Roche, Mannheim, Germany) in PBSt, reacted with alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche) in PBSt (1/5000), washed five times in PBSt for 15 min, and colorized in BM purple solution (Roche). The embryos were clarified with 50% glycerol in PBSt for observation. For double staining, colorized embryos were incubated with the primary antibody and treated as described in Section 4.2.
Hair cell staining
Young fish (20 days after fertilization) were treated in a solution containing 2 mM FM1-43 (Molecular Probes, Inc., Eugene, OR, USA) and 0.03% sea salt for 10 min at 25 8C, washed in 0.03% sea salt for 10 min at 25 8C, immobilized in 4% methyl cellulose (400 cP, Sigma), and observed under an inverted fluorescent microscope (IX70, Olympus Optical, Tokyo, Japan) at an excitation wavelength of 460 -490 nm.
Genomic southern blotting analysis
Chromosomal DNA was extracted from the wild-type Cab and Kaga strains. Aliquots of 10 mg of DNA were fractionated on agarose gels, blotted, and hybridized with the probes (4.9) according to the procedure described previously (Yasuoka et al., 1996) .
Linkage analysis
Fish heterozygous for kaz or yan mutation in the Cab background were crossed with Kaga, which has a polymorphic genetic background compared to the Cab strain. From embryos obtained by incrossing of F1 heterozygous carriers, mutant embryos and their siblings were selected by antibody staining (Section 4.2) and stored in methanol at 2 20 8C. DNA was extracted from each embryo and used as a template for PCR. The genomic DNA fragments containing cxcr4 and sdf1 genes were identified on the basis of the preliminary data released from the National Institute of Genetics (http://shigen.lab.nig.ac.jp/Medaka/genome/), and amplified using the following primers: sense, gCX1, 5 0 -tcaagaacatgacagacaagtac-3 0 ; gSD1, 5 0 -ggaatcctttatcatgtcaatag-3 0 ; gSD3, 5 0 -tcccatctgtttgagtgacgcag-3 0 ; anti-sense, gCX2, 5 0 -actcgaagactcggattcagttg-3 0 ; gSD2, 5 0 -cagtggacatgttgcagaaacaa-3 0 ; gSD4, 5 0 -acgttgttgacagttgaacggca-3 0 . The fragments of the mfcxcr4 gene were digested with Hae III, fractionated on agarose gels, and analyzed for restriction fragment length polymorphisms between the Cab and Kaga strains. The genomic fragments of the sdf1 gene were fractionated on agarose gels, and their sequence polymorphisms were analyzed using a Big Dye sequencing kit and an ABI prism 310 sequencer (Applied Biosystems).
4.7. Cloning of Medaka cxcr4, sdf1 and sema3A cDNA
The cDNA fragments encoding Medaka CXCR4, SDF1, and Sema3A were amplified from adult head cDNA, using nested sets of the following degenerate primers: sense, cCX1, 5 0 -tBgtBatgggHttYcaRaaRaa-3 0 ; cCX2, 5 0 -tNccHtt YtgggcHgtBgaYgc-3 0 ; cSD3, 5 0 -aaRccIRtIWSIYtIgtIKaI MgItg-3 0 ; cSM1, 5 0 -gaYgaRtgYaaRtgggcHggHaaRga-3 0 ; cSM2, 5 0 -gcHtgYggHacHggHgcHttYcaYcc-3 0 ; anti-sense, cCX3, 5 0 -ccDgcRcaRtaDggVaRccaRca-3 0 ; cCX4, 5 0 -DggRttVaRRcaRcaRtgRaaRta-3 0 ; cSD4, 5 0 -tgIaDccaYttI gtYtYIggRt-3 0 ; cSD5, 5 0 -aRRtaYtSYtgIaDccaYttIgt-3 0 ; cSM3, 5 0 -ggRaaVacDggRttRtacatDgcDgg-3 0 ; cSM4, 5 0 -ggVtaRaaRaacatVacRtcRtaYtg-3 0 . The fragments were subcloned into pBluescript SK(2 ) (Stratagene, La Jolla, CA, USA), linearized, and transcribed in vitro to RNA probes using a digoxigenin RNA labeling kit (Roche). The partial sequences of cxcr4, sdf1, and sema3A cDNA were deposited in GenBank (accession No.: cxcr4; AB167387, sdf1; AB167388, sema3A; AB167389). For genomic Southern blotting analysis, the fragments were fractionated on agarose gels, and labeled with a-32 P dCTP using a Mega Prime labeling kit (Amersham Biosciences, Inc., Piscataway, NJ, USA).
